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1. Introduction

Most of engineering applications 1n complex
geometries invelving flows require accurate pre-
diction methods for turbulent flows Direct nu-
merical simulation (DNS) 1s restricted to a rela-
tively low Reynolds number because of the need
to resolve all the spatial scales of rturbulence
Nearly all of the computational cost in DNS 1s
expended on the smallest motions, which have a
cissipative nature, and the resulting high cost
makes DNS less attractive as an engineering tool
at present In large eddy simulation (LES), on
the other hand, only the dynamics of the larger-
scale motions (which are not universal) are com-
puted expheitly while the effects of small scales
or subgnid-scales {which have, to some extent,
a universal character) are represented by simple
models Thus, the critical 1ssue in LES 1s to ac-
curately capture the effects of the unresolved sub-
grid-scale (SGS) motions using simple and uni-
versal models

The most widely used Smagorinsky model has
some notable drawbacks as noted by Zang et
at (1993} (1) 1t requires an mput of a model
coefficient which 1s flow-dependent , (2} 1t pre-
dicts incorrect asymptomatic behavior in the vi-
cimty of a wall, (3} 1t does not allow energy
backscatter from small scales to large scales, and
{4) 1t assumes that principal axes of the SGS
stress tensor are aligned with those of the resolved
strain rate tensor

Extensive effort has been made 1n the develop-
ment of LES methodologies 1n order to overcome
some of the aforementioned drawbacks of the
original Smagorinsky model For example, in the
‘proneering’ dynamic Smagorinsky model (DSM)
proposed by Germano et al (1991), the model
coefficient 1s calculated dynamically during com-
putation using information from the 1esolved
scales Many of the earlier studies have shown
that DSM can be successfully applied to LES of
transttional and turbulent channel flows In spite
of 1ts many desirable features and 1ts success, the
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DSM stll has several aspects that need to be
improved, prompting subsequent development of
the dynamic mixed model (DMM] of Zang et al
(1993) They modified the dynamic eddy wvis-
cosity model by employmng the scale similarity
model of Bardina et al {1983} as the base model,
i which the Leonard term 1s computed explicitly
while the cross term 1s modeled by the scale-
semilanity assumption DMM retains the desirable
features of the DSM, but 1t does not require the
SGS stress tensor and the strain rate tensor to be
aligned Furthermore, 1t could successfully reduce
the excessive backscatter represented by the model
coefficient by calculating the modified Leonard
term explicitly while modeling only the remaining
residual stress term Zang et al {1993} also suc-
cessfully applied DMM to the LES of flows in a
hd-driven cavity, using a finite volume approach
with a box filter employed in physical space

This breef Inerature indicates that significant
development has been made to the LES modeling
for the prediction of a turbulent velocity field, but
much less effort has been done 1n the calculation
of passive scalar transport 1n spite of 1ts practical
importance The difficulty of investigating passive
scalar transport 15 possibly due to the urgent need
for improving the accuracy of LES models for the
velocity field, and also to the fact that errors
associated with LES models embedded in a ve-
locity field reduces the accuracy 1n the prediction
of passive scalar Consequently, the transport of
passsve scalar from an LES point of view 1s still
poorly understood, and this fact 1s reflected in
the difficulty of predicting the passive scalar
field with satisfactory accuracy using current LES
models

The present work 1s mamly motivated by the
need for information on the performance of exis-
ting LES models, specifically DMM, for passive
scalar transport with moderate Prandtl number
{up to 10 at present) DMM was chosen here for
the following two reasons (1) From the per-
spective of large eddy simulation of engineering
flows, computations based on finite difference
formulations are certainly of great interest Thus,
DMM with finite difference formulations, which
most conveniently use filters in physical space,
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becomes negative, they are set to zero to guarantee
numerical stability

2.2 Boundary conditions

The stieamwise extent of the computational
domamm 15 Ly=13%4 and the spanwise extent 1s
L.=65h, where h 15 the half-channel height In
terms of wall units (based on fiiction veloeity),
the domain size s approximately equivalent to
1900 1n stieamwise, 300 1in wall-normal, and 950
in the spunwise duecuons The Reynolds num-
ber based on fuiction velocity and half-channel
height, Re: was set to 150 while the Prandtl
number, Pr, varies from 1 to 10 The present code
was originally written for the simulation of spat-
1ally evolving turbulent flows and thus, requires
inflow/outflow condittons In order to provide a
physically realistic turbulence to the inlet of the
domain, the required velocity and temperature of
the plane located at about x/h=11 (equsvalent
to approximately 1600 wall uans from the nlet)
were fed into the inlet plane continuously This
way of generating inflow turbulence 1s, 1n effect,
equivalent to imposing a periodic boundary con-
dition 1n the streamwise direction, which 1s fre-
quently adopted 1n spectral method

No-slip boundary condiion was used along
the walls The bottom wall was cooled {— Tl
and the top wall was heated ( T} at the same rate
so that both walls were maintained at constant
temperature The flow was assumed to be homo-
geneous I the spanwise direction, justifying the
use of periodic boundary conditions in that di-
recfion A convective boundary condition, which
1s believed to allow turbulent structures to leave
the domain smoothly, was used for the outflow
boundary condiuon

The governing equations (1) {3} were 1inte-
grated 1n time using a semi—implicit scheme A
low-storage three-substep, third order Runge-
Kutta scheme was used for treating convective
terms explicitly On the other hand, a second or-
der Crank-Nicolson scheme was used for treatung
viscous terms semi-1mplicitly {Na, 1994} All the
spatial derivatives were approximated with sec-
ond order central differencing scheme, except
for the convective term 1 the equation (3} The
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central differencing scheme applied to the con-
vective term 1n the passive-scalar equation, com-
bmed with the inflow-outflow boundary condi-
tron, 1s known to lead to numerical mstability.
Thus, a widely used QUICK scheme (Leonard,
1979} was employed as a 1emedy for the present
work

2.3 A priori test using DNS

An a priort test on the DMM was carried out
to determine the accuracy with which the mo-
del predicts the SGS scalar flux and dissipation
Tests were peiformed using DNS data generated
with 129° meshes for the turbulent channel with
the same flow configurations as described 1n sec-
tion 2 2 for Pr=1, 3 and 129 X193 %129 meshes
for Pr=10

Grid spacings were uniform in both sticam-
wise and spanwise directions. Based on firiction
velocity, the grid spacing 1n the streamwise direc-
tion was approximately 15 1 i wall units In the
wall-normal direction, the resolution varses with
the Prandt]l number For Pr=1 and 3. the mini-
mum grid spacing was 0022 at the wall, whereas
the maximum grid spacing was 3 7 1n the middle
of the channel 1n wall unit For Pr=10, the mini-
mum and maximum spacing weie 0010 at the
wall and 2 5 n the middle of the channel in wall
unit, respectively The uniform grid spacing in the
spanwise direction was 7 6 n terms of wall units
The adequacy of the grid resolution of the present
DNS fo1 the veloeity field {129° meshes) obtained
with fimite difference scheme was assessed by
comparing the 1¥* and 2™ oider statisucs of the
velocity with those obtained with the pseudo-
spectral method by Na et al (1999} (Figure 1)
Since the results of Na et al (1999) were obtain-
ed also with the 129* meshes for Re.=150, any
difference seen n the results can be attributed
to the difference 1n ability of resolving the high
wave-number motion (or equivalently, small-
scale motion) between the spectral und the finite
difference methods But the positive agieements
for all the quantities shown 10 Figure 1 indicate
that the choice of the piesent resolution 1s good
enough at the Revnolds number considered 1n the
present work
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